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In recent  years,  gas  cluster  ion  beams  (GCIB)  have  become  the  cutting  edge  of  ion  beam  technology  to
sputter  etch organic  materials  in  surface  analysis.  However,  little is  currently  known  on  the ability  of
argon cluster  ions  (Arn+) to etch  metal  oxides  and  other  technologically  important  inorganic  compounds
and  no  depth  proﬁles  have  previously  been  reported.  In  this  work,  XPS  depth  proﬁles  through  a  certiﬁed
(European  standard  BCR-261T)  30  nm thick  Ta2O5 layer  grown  on  Ta foil using  monatomic  Ar+ and  Ar1000+
cluster  ions have  been  performed  at different  incident  energies.  The  preferential  sputtering  of  oxygen
+ + +luster
on beam
puttering
xide
a2O5
induced  using  6 keV  Ar1000 ions  is lower  relative  to 3  keV  and  500  eV Ar ions.  Ar ions  exhibit  a  steady
state O/Ta  ratio through  the  bulk  oxide  but  Ar1000+ ions  show  a gradual  decrease  in  the  O/Ta  ratio  as  a
function  of  depth.  The  depth  resolution  and  etch  rate  is substantially  better  for  the  monatomic  beam
compared  to the  cluster  beam.  Higher  O concentrations  are  observed  when  the  underlying  Ta  bulk  metal
is  sputtered  for the  Ar1000+ proﬁles  compared  to the  Ar+ proﬁles.
© 2017  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction
Tantalum pentoxide, Ta2O5, is technologically signiﬁcant due
o its dielectric properties [1] and applications in microelectronics
2] and optics [1,3]. In addition, Ta2O5 grown on Ta foil is a well-
stablished standard material for the determination of ion etch rate
nd depth resolution in compositional depth proﬁles obtained in
lectron spectroscopy [4]. Many authors use the European stan-
ard (BCR-261T), which has a certiﬁed thickness of Ta2O5 grown
n Ta foil as a reference to estimate the etch rate when performing
PS/AES depth proﬁles on other metal oxide thin ﬁlms [5]. How-
ver, it is well known that monatomic argon (Ar+) sputtering of
a2O5 leads to the preferential sputtering of O [6] and this is gener-
lly considered to result from the difference in the atomic weight
etween Ta (180.95 ) and O (16.00 ) [7]. XPS studies of the pref-
rential sputtering of oxygen from Ta2O5 have been performed
y a number of workers [7–12]. Hofmann and Sanz performed
he earliest in-depth study and they gave the steady-state TaOx
∗ Corresponding author at: The Surface Analysis Laboratory, University of Surrey,
uildford, Surrey GU2 7XH, United Kingdom.
E-mail addresses: r.simpson@surrey.ac.uk, robin.simpson@thermoﬁsher.com
R. Simpson).
1 Thermo Scientiﬁc, Unit 24 Birches Industrial Estate, East Grinstead RH19 1UB,
nited Kingdom.
ttp://dx.doi.org/10.1016/j.apsusc.2017.02.006
169-4332/© 2017 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
stoichiometry (using 3 keV Ar+) to be TaO1.05 [7]. Holloway and
Nelson sputtered Ta2O5 at varying incident Ar+ energies between
0.5 and 5 keV and reported that greater preferential sputtering of
O occurred at 0.5 keV than at higher energies and attributed this to
the Ar+ ions preferentially transferring their energy to O atoms [8].
It has been shown that there are a number of potential advan-
tages in employing cluster beams (C60+, Bin+, Aun+, Arn+) in SIMS
depth proﬁling of organic materials compared to monatomic
sources, including reduced damage and roughening, lower pene-
tration depth and higher sputter yield, enhancing the quality of
chemical information obtainable, sputter rate and interface resolu-
tion [8,9]. As a result, gas clusters are widely accepted as effective
sources for the depth proﬁling of polymer samples without caus-
ing chemical damage or crosslinking [10]. Until recently, limited
work had been published on the use of Arn+ gas cluster ion beam
(GCIB) sources for the XPS analysis and depth proﬁling of inorganic
compounds, in particular metal oxides, despite their importance as
functional thin ﬁlms and corrosion resistant layers. As instruments
with Arn+ GCIBs are becoming more widespread, publications are
now emerging in the literature. Cumpson and co-workers have
investigated Arn+ GCIB analysis of HfO and ZnO [13,14] using Ar
gas clusters of 1000 atoms (Ar1000+), corresponding to an aver-
age energy/atom (E/n) of 6 eV (the same conditions have also been
employed in this work). They found that HfO exhibited no pref-
erential sputtering of O using a 6 keV beam [13], whilst the work
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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n ZnO was focused on optimising analytical conditions of inor-
anic interfaces and no information was given on the degradation
or not) of ZnO under these conditions [14]. Steinberger et al. have
xamined FeO and Zn5(CO3)2(OH)6 (hydrozincite) using a range of
ifferent Arn+ CGIB conditions [15]. Preferential sputtering of O was
bserved both for hydrozincite using Ar2000+ at incident energies of
 keV (E/n = 2) and FeO using Ar2000+ at 6 keV (E/n = 3) [15]. Results
f Arn+ GCIB of single crystal SrTiO3 have recently been reported
y Aureau et al. [16]. In that work, the Arn+ GCIB experimental
onditions are not entirely clear, but would appear to be Ar3000+
t an incident energy of 4 keV (E/n = 1.33). Under those conditions,
he Ti 2p peak showed no evidence of reduced Ti states, but a small
mount of reduction is observed in the Sr 3d peaks at longer etching
imes.
As a precursor to the more extensive work presented in this
aper, we reported initial results on the Ar1000+ GCIB sputtering of
he BCR-261T 30 nm Ta2O5 layer at incident energies of 4, 5 and
 keV (E/n = 4, 5 and 6) [17]. That work showed the preferential
puttering of O for E/n = 5 and 6, but not at E/n = 4. At an E/n = 4,
here was no evidence of sputtering occurring, whereas at E/n = 5
nd 6, proﬁles through the 30 nm layer could be recorded. In some
f the other work reported above, comparisons have been made
etween Ar+ and Arn+ GCIB sputtering [15–18]. In all cases, using
ptimized ion beam conditions, Arn+ GCIB sputtering reduces the
xtent of damage observed compared to monatomic Ar+ bombard-
ent, offering the possibility of performing XPS analysis and depth
roﬁling of metal oxides with lower sputtering induced modiﬁca-
ion to the metal oxide and hence better quality data for the surface
nalyst.
The aim of this work is to employ the 30 nm thick Ta2O5 layer
BCR-261T standard) to: (i) investigate changes in chemical state
ssociated with Ar+ and Arn+ bombardment; (ii) compare the pref-
rential sputtering, etch rates observed and depth resolution for Ar+
nd Arn+ depth proﬁles through the 30 nm thick Ta2O5 layer. Ar+
epth proﬁles were performed at ion beam energies of 500 eV and
 keV and Ar1000+ depth proﬁles were acquired at ion beam ener-
ies of 6 keV and 8 keV (with and without sample rotation). The ion
eam energies employed for the latter Ar1000+ depth proﬁles give
ise to E/n values of 6 and 8 eV.
. Experimental
The standard 30 nm Ta2O5 layer on Ta foil (BCR
® −261T),
escribed in [3] was employed for all XPS analyses undertaken. The
PS work was performed on a Thermo Scientiﬁc K-Alpha XPS sys-
em, equipped with the Ar+ and Arn+ gas cluster ion beam (GCIB)
ource, MAGCIS. The MAGCIS source is mounted at an angle of 60◦
o the sample normal. The ion beam area was rastered over an area
f 1 mm2 and to avoid crater edge effects, an X-ray spot diameter
f 200 m was employed. For monatomic Ar+ proﬁling, energies
f 500 eV and 3 keV were employed, operating at beam currents
f 1 and 3 A (measured at the sample holder) respectively. For
he Ar1000+ GCIB at 6 keV and 8 keV, a current of 20 nA was used.
r1000+ GCIB proﬁles were also recorded at 6 keV and 8 keV using
ample rotation at a rate of 1 rotation/min. The Ta2O5/Ta interface
as assigned on the depth proﬁles using the linear drop in the O
ignal in the interface region. The interface was taken as being the
id-point between the two positions on that O signal line (before
nd after the interface) where the signal deviates from linearity.
The XPS spectra were acquired employing a monochromated Al
 X-ray source operating at a power of 300 W.  The spectrome-
er was calibrated using the Au 4f7/2, Ag 3d5/2 and Cu 2p3/2 peaks at
3.98, 368.26 and 932.67 and eV respectively. A pass energy of 50 eV
nd step size of 0.1 eV were employed. During ion beam bombard-
ent, the X-ray source was  blanked. Quantiﬁcation was performed Science 405 (2017) 79–87
after a Shirley background subtraction and used Wagner sensitivity
factors, modiﬁed to account for the instrument transmission func-
tion. The Thermo Scientiﬁc Avantage software was employed for
peak ﬁtting, using a Gauss/Lorentz mix  value of 26%.
As the Arn+ cluster etch rates were much lower than the Ar+ etch
rates, the XPS data recorded at each level of the GCIB depth proﬁle
was performed using the “snapshot analysis” mode. In this mode,
the pass energy of the analyser is increased from 50 eV to 150 eV
and rather than scanning through the selected energy range, the
electron signal from the entire range is recorded simultaneously.
This sacriﬁces some of the energy resolution but greatly reduces the
acquisition time. The spectral resolution is then mostly recovered
using a deconvolution process during data analysis, see Fig. 1.
To ensure accurate peak ﬁtting, a 3 keV Ar+ depth proﬁle was
initially peak ﬁtted to establish the peak ﬁtting parameters with
which all subsequent depth proﬁles were ﬁtted.
3. Experimental results
3.1. XPS spectra and depth proﬁles
In order to establish the Ta chemical states observed during
depth proﬁling of the Ta2O5 layer, a methodical approach was
adopted in ﬁtting the Ta 4f spectra, using the known binding ener-
gies for the metallic tantalum doublet and well reported peak
positions of the Ta2O5 doublet. These two  pairs of peaks represent
spectra at the beginning and the end of the depth proﬁle, thus could
be easily isolated and accurately ﬁtted.
Both pairs of peaks shown in Fig. 2 are important for peak ﬁt-
ting Ta depth proﬁles. The metallic peaks, Ta0 represent the surface
composition once the 30 nm oxide layer has been removed from the
Ta2O5 foil. Ensuring that these peaks appear at the correct binding
energies is important as their position inﬂuences the positions of
the other peaks in the spectra. As Ta0 is electrically conductive, both
peaks in the doublet show the high binding energy tail associated
with shake-up events for electrons close to the Fermi level, yielding
an asymmetric peak shape that is unlike the other Ta oxide com-
ponents ﬁtted in the depth proﬁle. This peak shape was taken into
account when ﬁtting the Ta0 peaks.
The initial Ta5+ peaks must be ﬁtted correctly as they provide the
peak shape for the subsequent sub-oxide peaks that are produced
by preferential etching of O from Ta2O5. Once ﬁtted, the Ta5+ peaks
were used to set the FWHM,  the L/G mix  ratio as well as the rela-
tive intensity and separation ratios between the Ta 4f7/2 and Ta 4f5/2
peaks for each sub-oxide state. In ﬁtting the ﬁnal Ta peak envelope,
all of these variables were ﬁxed for each of the sub-oxide states
to ensure that the only variation between them were the binding
energies and peak intensities. However, the FWHM of the peaks ﬁt-
ted to the spectra after ion bombardment were allowed to increase
to accommodate ion beam induced broadening.
For the Ta2O5 proﬁle, in addition to Ta0 and Ta5+, the other pos-
sible sub-oxide reduction states that can be generated during ion
etching are Ta4+, Ta3+, Ta2+, and Ta1+, representing TaO2, Ta2O3,
TaO and Ta2O respectively. Obtaining a good and reliable ﬁt for the
Ta 4f envelope at various stages of the proﬁle required all four of
the possible sub-oxide doublets. The binding energies of the sub-
oxide peaks were based upon values found in the literature and the
values taken from an approximate depth of 20 nm into the oxide
layer are given in Table 1 [11,12]. Fig. 3 shows that there is a linear
progression of the binding energy with oxidation state, as found
by Benito and Palacio for Ta2O5 under ion bombardment and the
peak binding energies for the different Ta oxidation states are all
within ± 0.4 eV of their reported values [12].
The peak positions as shown in Table 1 are constrained through-
out the depth proﬁles with a maximum variation of ± 0.03 eV. The
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Fig. 1. XPS spectra of the Ta 4f spectrum acquired; (a) in ‘snapshot analysis’ mode; (b) in ‘snapshot analysis’ mode after deconvolution to simulate a pass energy of 50 eV; (c)
a  Ta 4f spectrum acquired with a pass energy of 50 eV.
Fig. 2. XPS Ta 4f peaks: (a) prior to depth proﬁling, with the Ta5+ 4f7/2 and 4f5/2 peaks ﬁtted; (b) after depth proﬁling, with the the metallic Ta0 4f7/2 and 4f5/2 peaks ﬁtted.
Table 1
XPS Ta 4f binding energies and FWHM employed in the peak ﬁts for the Ta2O5 depth proﬁles.
Sub-Oxide State Binding energy (eV) FWHM (eV)
Ta4f 7/2 Ta4f 5/2 Ta4f 7/2 Ta4f 5/2
Ta0 (metal) 21.50 23.42 0.73 0.73
Ta1+ (Ta2O) 22.5 ± 0.10 24.4 ± 0.10 1.45 1.45
Ta2+ (TaO) 23.3 ± 0.30 25.2 ± 0.30 1.45 1.45
3+ 26.2
27.6
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aTa (Ta2O3) 24.3 ± 0.20 
Ta4+ (TaO2) 25.7 ± 0.30 
Ta5+ (Ta2O5) 27.0 ± 0.05 
WHM of the Ta5+ 4f doublet components for the native Ta2O5
pectra was 1.23 eV and the FWHM of the Ta0 4f doublet compo-
ents after sputtering spectra was 0.76 eV. The FWHM for the Ta 4f
oublet components for all oxide Tan+ states after Ar+ and Ar1000+
ombardment broadened to 1.45 eV (Table 1).
Spectra taken from the 3 keV and 500 eV Ar+ proﬁles and the
 keV Ar1000+ proﬁle are shown in Fig. 4 and depth proﬁles for Ar+
on bombardment at 3 keV and 500 eV are presented in Fig. 5. The
urface carbon contamination has been included in the proﬁle and
he results show that this layer is removed after about 3 nm of mate-
ial has been sputtered away. As the carbon contamination layer
as not of interest in this work, the C 1s data has been excluded
rom subsequent depth proﬁles shown in Fig. 5(b) and later ﬁgures.
he relative etch rates were 4.8 × 10−3 and 2.7 × 10−3 nm/min at
 keV and 500 eV respectively. The steady state composition was
etermined to be TaO1.55 and TaO1.50 at incident energies of 3 keV
nd 500 eV respectively. This represents a reduction in the pref-
rential sputtering of O compared to the results of Hofmann and
anz, who found a steady state composition of TaO1.05 at 3 keV
7]. However, there are differences in the ion beam current density
nd incident angle of ion bombardment between the two  studies. ± 0.20 1.45 1.45
 ± 0.30 1.45 1.45
 ± 0.05 1.45 1.45
The greater preferential sputtering of O at lower incident ion beam
energies is in agreement with the results of Holloway and Nelson
[8]. The depth resolution, z,  of the interface region (uncorrected
for escape depth inﬂuence) was calculated from the depth proﬁles
as the etch depth corresponding to the O 1s signal dropping from 84
to 16% of its maximum signal, where the maximum is taken from
the steady-state region of the proﬁle. The depth resolution deter-
mined for the 3 keV and 500 eV monatomic depth proﬁles were very
similar, being 3.8 and 4.0 nm respectively.
A similar depth proﬁle for the Ar1000+ GCIB at 6 keV is presented
in Fig. 6(a). There are three points to note: (i) the absence of a
steady state region, where the composition of the altered layer is
constant; (ii) once the Ta2O5 layer has been removed, the O concen-
tration drops to a steady state value of around 10 at.% rather than
a much lower value, as seen for the monatomic Ar+ depth proﬁles;
(iii) the depth resolution is substantially degraded compared to the
monatomic Ar+ proﬁles. With regard to all of these effects, proﬁles
using the same ion beam conditions were repeated a number of
times and the same trends were observed in all cases. Introducing
sample rotation during proﬁling and performing the Ar1000+ GCIB
82 R. Simpson et al. / Applied Surface
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fig. 3. A plot showing the linear progression the Ta 4f7/2 binding energies with
ncreasing Tan+ oxide state.
roﬁles at 6 keV and 8 keV resulted in the proﬁles shown in Fig. 6(b)
nd (c) respectively.
Interestingly, sample rotation fails to inﬂuence the high con-
entration of O seen once the Ta oxide layer has nominally been
ig. 4. XPS Ta 4f peak taken from a depth of approximately 20 nm into a 30 nm Ta2O5 foil
rom  proﬁles recorded with the following ion beam conditions: (a) 3 keV Ar+; (b) 500 eV A Science 405 (2017) 79–87
removed. This would suggest that sample roughness is not the
cause of this high residual O concentration. The O 1s peak was
always the ﬁrst peak to be recorded when the ‘snapshot analysis’
mode was  employed. This analysis procedure would be expected
to minimise re-oxidation of the surface during analysis.
Sample rotation and an increase in beam energy to 8 keV appears
to accentuate the decline in the O concentration with depth whilst
proﬁling through the Ta2O5 layer and at no point is there a progres-
sive linear decrease in the O concentration with depth, as seen for
the 6 keV Ar1000+ GCIB proﬁle without sample rotation.
For the 6 keV cluster ion depth proﬁle without sample rotation,
taking the inﬂection point where the linear decline in the O concen-
tration ﬁrst changes to a more rapid non-linear decline and using
the same methodology as described previously, the depth resolu-
tion has increased to 11 nm,  compared to the ≈4 nm observed for
the monatomic ion proﬁles. Concerning the degree of preferen-
tial sputtering of O for the 6 keV Ar1000+ GCIB proﬁle compared
to the monatomic Ar+ proﬁles, taking the elemental concentra-
tions at a depth of 10 nm (a point approximately in the middle of
the linear region of the proﬁle) the metal oxide stoichiometry is
TaO2.0, thus there is less preferential sputtering of O compared to
the monatomic Ar+ sputtering. This is in agreement with the other
studies comparing Arn+ and Ar+ sputtering of metal oxide based
materials [15–18].
To provide more information on the change in Tan+ chemical
states during the Ta2O5 depth proﬁles, Ta 4f spectra for monatomic
Ar+ sputtering at 3 keV and 500 eV and Ar + GCIB at 6 keV (not
rotated) are given in Fig. 7.
To make a direct comparison of Ta 4f peakshape changes over
the ’steady state’ region for the depth proﬁles recorded using 3 keV
, ﬁtted with Ta5+, Ta4+, Ta3+, Ta2+, Ta1+ and Ta0 components. The Ta 4f peak is taken
r+; (c) 6 keV Ar1000+.
R. Simpson et al. / Applied Surface Science 405 (2017) 79–87 83
Fig. 5. XPS depth proﬁles of 30 nm Ta2O5 foil etched using; (a) 3 keV Ar+; (b) 500 eV Ar+. Carbon has been included in the 3 keV Ar+ proﬁle, but excluded from the 500 eV Ar+
proﬁle.
Fig. 6. XPS depth proﬁles of 30 nm Ta2O5 foil etched using: (a) 6 keV Ar1000+; (b) 6 keV Ar1000+ including sample rotation; (c) 8 keV Ar1000+ including sample rotation.
Fig. 7. Progression of the Ta 4f spectra during depth proﬁling of a 30 nm Ta2O5 foil for: (a) 3 keV Ar+; (b) 500 eV Ar+; (c) 6 keV Ar1000+.
84 R. Simpson et al. / Applied Surface Science 405 (2017) 79–87
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oig. 8. Overlay of Ta 4f spectra recorded from the Ta bulk oxide region of the 30 nm
egion); 6 keV Ar1000 (corresponding to the ‘steady state equivalent’ region where t
r+ and 6 keV Ar1000+, it is also useful to plot overlays of the spec-
ra Ta 4f spectra, as shown in Fig. 8. The difference between the
r+ and Ar1000+ is clear, with the variation in Ta 4f envelope for
 keV Ar+ being minimal, whilst for the 6 keV Ar1000+, the peakshape
rogressively changes with depth.
Comparing the Ta 4f peak envelope in the ‘steady state’ region
or the monatomic and cluster ion beam depth proﬁles, in all cases
here are 4 main peaks/shoulders at around 29.0 eV, 27.5 eV, 24.0 eV
nd 22.5 eV. The intensity of the peaks at 29.0 and 27.5 eV progres-
ively decrease in intensity and the peaks at 24.0 eV and 22.5 eV
rogressively increase in intensity as a function of depth for the
 keV Ar1000+ proﬁle. To investigate this in a more quantitative
anner, the intensity of each oxide state throughout the depth
roﬁles was plotted and these proﬁles are shown in Fig. 9.
Comparing these depth proﬁles reveals some interesting infor-
ation about the existence and depth variation of sub-oxide states
n the altered layer for the different etching conditions. However,
ue to the complexity of ﬁtting the Ta 4f peak envelope, it is impor-
ant to be mindful that the peak ﬁtting may  not be entirely accurate
nd truly representative of the behaviour of each oxidation state as
 function of depth. Consequently, over interpretation of the data
hould be avoided. Nevertheless, some important trends can be
xtracted from the data and it is reasonable to separate the sub-
xide states into 2 groups, (Ta4+ and Ta5+) representing the higher
xidation states and (Ta2+ and Ta1+) representing the lower oxi-
ation states. A comparison between the Ar+ and Ar1000+ depth
roﬁles in Fig. 9 reveals that when proﬁling through the bulk oxide,
r+ bombardment gives rise to a clear preference in the forma-
ion of the lower Tan+ oxidation states in the altered layer rather
han the higher oxidation states. In contrast, Ar1000+ bombardment
esults in a greater concentration of higher oxidation states com-
ared to the lower oxidation states. Furthermore, as expected, for
he monatomic Ar+ proﬁles, it can be seen that over the steady state
egion, the intensities of each of the Tan+ states remain constant.
owever, for the 6 keV Ar1000+ proﬁle, this is not the case, with a
radual decline in the intensity of the higher oxidation states and
oncomitant gradual increase in the intensity of the low oxidation
tates as a function of depth. This effect is even more pronounced in
he depth proﬁles for the Ar1000+ GCIB at 6 keV and 8 keV including
ample rotation where again the behaviour for each oxidation state
s plotted as a function of depth (Fig. 10).
For these Ar1000+ cluster beam proﬁles including sample rota-
ion, there is a clear enhancement in the formation of the higher
xidation states in the altered layer during removal of the ini-foil using ion beam conditions of: (a) 3 keV Ar+ (corresponding to the ‘steady state’
oncentration shows a gradual linear decline).
tial 10–15 nm of oxide. In this region, the lower oxidation states
are formed, but at lower concentrations. The concentration of the
higher oxidation states in the altered layer peaks at a depth between
5 and 10 nm and then slowly declines until the Ta0 concentration
stabilises at greater depths. On the other hand, the lower oxidation
states show a gradual increase in concentration within the altered
layer as a function of depth into the oxide layer. The variation in con-
centrations of the sub-oxide states and trends of lower levels of high
oxidation states (and higher levels of lower oxidation states) with
increasing depth are consistent with the absence of a steady state
region and progressive decline in the O concentration observed for
the depth proﬁle through the Ta2O5 layer for the Ar1000+ beam pro-
ﬁles. As a result of this, unlike the behaviour for the Ar+ proﬁles,
for the Ar1000+ GCIB proﬁles, the levels of the sub-oxide states are
constantly changing with depth.
3.2. Etch rate
Use of the 30 nm thick BCR
® −261T standard enables the etch
rate to be accurately determined for all of the Ar+ ions and Ar1000+
ion depth proﬁles performed. A comparison of the etch rates for the
different ion beam conditions, given in Table 2, is of particular inter-
est to the practical analyst. The etch rates for the monatomic Ar+
beam (at 3 keV and 500 eV) are approximately 2 orders of magni-
tude higher than for Ar1000+ GCIB at 6 keV (rotated and un-rotated)
and 1 order of magnitude higher than for Ar1000+ GCIB at 8 keV
(rotated). Rotating the sample for the Ar1000+ GCIB at 6 keV leads
to an increase in the etch rate by approximately 4 times.
Taking account of the different ion current densities employed
in the different studies, the etch rates for the Ar1000+ GCIB at 6 keV in
this work are consistent with our previous values of 1 × 10−3 nm/s
for the same BCR −261T standard recorded on a Thermo Scien-
tiﬁc ThetaProbe instrument [17] and similar to the etch rate of
4.2 × 10−4 nm/s for HfO reported by Barlow et al. [13] recorded on a
Thermo Scientiﬁc ThetaProbe instrument equipped with the same
MAGCIS source as used in this work.
4. Discussion
This work is the ﬁrst reported example of an XPS depth proﬁle
through an inorganic layer using an Arn+ GCIB. The results have
shown that despite the much lower E/n, Arn+ GCIB bombardment
using Ar1000+ GCIB at 6 keV and 8 keV still leads to the preferential
sputtering of O for Ta2O5. However, the extent of preferential sput-
R. Simpson et al. / Applied Surface Science 405 (2017) 79–87 85
Fig. 9. XPS depth proﬁles of the 30 nm Ta2O5 on Ta foil showing the progression of the 5 Tan+ states when etched using: (a) 3 keV Ar+; (b) 500 eV Ar+; (c) 6 keV Ar1000+.
Fig. 10. XPS depth proﬁles of 30 nm Ta2O5 on Ta foil showing the progression of the different Tan+ states when etched using: (a) 6 keV Ar1000+ including sample rotation; (b)
8  keV Ar1000+ including sample rotation.
Table 2
Etch rates for different Ar+ and Arn+ beam conditions when sputtering through the 30 nm thick Ta2O5 layer on Ta.
Ion beam conditions E/n (eV) Time to Interface (s) Etch Rate (nm/min)
6 keV Ar1000+ 6 26158 (7 h) 1.8 × 10−5
6 keV Ar1000+ (Rotated) 6 7344 (122 min) 6.8 × 10−5
+ −4
t
a
s8 keV Ar1000 (Rotated) 8 
500 eV Ar+ 500 
3 keV Ar+ 3000 
ering is lower than that observed using a monatomic Ar+ beam
t 3 keV or 500 eV. The Ar1000+ proﬁles have shown some rather
urprising results:
(i) The depth resolution is substantially degraded compared to
the monatomic Ar+ proﬁles(ii) The absence of a steady state region in the oxide, where the
composition of the altered layer is constant. Instead, the O
concentration gradually decreases as the proﬁle progresses
towards the interface1287 (21 min) 3.8 × 10
185 2.7 × 10−3
103 4.8 × 10−3
(iii) Once the Ta2O5 layer has been removed, the O concentration
drops to a value of 10–20 at.% rather than a much lower value,
as seen for the monatomic Ar+ depth proﬁles.
With regard to the penetration depth of the ion beams, using
molecular dynamic simulations, Aoki et al. [19] reported that the
penetration depth of Ar688+ clusters dropped to below 5 Å when
the average E/n was  14 eV. The average E/n of the Ar1000+ used
in this study were lower than this value, being 8 and 6 eV, thus
penetrating just 1–2 monolayers into the sample surface. In con-
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rast, the penetration depths for monatomic Ar+ at 3 keV and 500 eV
alculated using SRIM calculations [20] is 3.5 nm and 1.3 nm respec-
ively. However, using the experimental set-up described here
ields the unexpected result that the lower penetration depth does
ot lead to improved depth resolution when proﬁling the Ta2O5
ayer on Ta; instead the depth resolution is degraded. For the pro-
les recorded using Ar1000+ clusters at 8 keV and 6 keV with rotation
ompared to that recorded for Ar1000+ clusters at 6 keV without
otation the depth resolution is further worsened. Surface rough-
ning and nano-topography resulting from Ar+ bombardment are
ell-known phenomena which are inﬂuenced by many experimen-
al parameters, including the ion beam incident angle, energy, ﬂux
nd ﬂuence [21]. Simulations of Ar clusters of various sizes and
nergies with the incident beam inclined at an angle of 600 with
espect to the surface normal bombarding different material sur-
aces have shown the formation of ripple and dot structures (but
he extent of the roughening was not stated) [22]. However, consid-
ring the known low penetration depth of the Ar clusters, sample
otation causing further interface broadening (when it would be
xpected to reduce roughening) and particularly the large degree
f interface broadening observed for a 30 nm thick ﬁlm, it seems
nlikely that roughening is the main cause of the interface broaden-
ng observed for the Ar1000+ depth proﬁles reported here for Ta2O5
n Ta.
It has been reported that the impact of cluster ions with solids
eads to high temperature and pressure transients in the vicin-
ty of the impact which do not occur in an equivalent manner
or Ar+ bombardment [22–25]. An increase in surface tempera-
ure for samples being bombarded with an argon cluster beam
an lead to various effects including an increase in sputtering yield
nd changes in the interface width [26,27]. Infusion doping of ele-
ents into solids through the use of dopants in Ar clusters has been
escribed [28] and in the recently published book by Yamada, it is
tated that the intense Ar cluster thermal spike allows the infu-
ion of elements into the solid surface by an atomic mixing process
hich occurs within the thermal transient region [29].
Preferential sputtering of O from metal oxides can be caused by
 number of different processes, where in many cases it is thought
hat a combination of mechanisms may  be inﬂuencing the altered
ayer composition [30,31]. The preferential sputtering of O from
a2O5 is generally considered to be a ballistic process [7,30]. From
he discussion above, there are a number of differences between
he incident Ar1000+ and Ar+ ion beams and their consequent phys-
cal/chemical effects which could be leading to the variations seen
n the Ar1000+ and Ar+ proﬁles. For 6 and 8 keV Ar1000+ bombard-
ent, there is a much lower E/n, reduced penetration depth and
ore intense temperature and pressure transient compared to 0.5
nd 3 keV Ar+ bombardment. Any one, or a combination of these
xperimental parameters/effects, could be exerting the strongest
nﬂuence over the observed reduced preferential sputtering of O,
rogressive O loss, interface broadening and higher O concentra-
ions present in the underlying Ta metal for the Ar1000+ compared to
he Ar+ proﬁles. Thus, the exact mechanisms are not known. How-
ver, it is possible the higher thermal transient in the surface region
ssociated with the 6 and 8 keV Ar1000+ may  be the cause of the
bserved progressive O loss for the cluster proﬁles. Many metal
xides are known to thermally decompose when heated in vac-
um environments and the thermal reduction of Ta2O5 in vacuum
as been reported [32]. Thus, the observed progressive O loss from
he surface for the 6 keV Ar1000+ proﬁle (without rotation) may  be
ue to a combination of ballistic based preferential sputtering and
xide reduction, with the latter effect being cumulative as a func-
ion of sputter time. If this hypothesis is correct, then the decrease
n the O/Ta ratio for the Ar1000+ proﬁle with sample rotation com-
ared to that without sample rotation would suggest that there is
 greater rise in temperature for the former case, which increases Science 405 (2017) 79–87
the sputter yield through a lowering of the surface binding energy
[26], consistent with the observed increase in the etch rate. The
interface broadening effect, rather than being caused by rough-
ening, is more probably due to a thermodynamically driven and
thermally induced diffusion process across the interface with the
higher extent of interface broadening observed for the 6 keV (with
rotation) and 8 keV (with rotation) Ar1000+ proﬁles being caused by
more intense thermal spikes. The same process could be responsi-
ble for the high O concentrations observed when initially proﬁling
into the underlying Ta metal.
From the viewpoint of the practical analyst, for the Ar1000+
cluster proﬁles, the absence of a steady-state O concentration in
the oxide, degraded depth resolution and high O concentrations
observed in the substrate are clearly problematic. Further research
work is required to ﬁnd experimental conditions which minimise
or eradicate these detrimental effects and improve the quality of
the XPS depth proﬁle.
The results presented here represent early work on the GCIB
Ar cluster proﬁling through metal oxide layers. The Ta2O5 on Ta
layers studied may  present particularly difﬁcult analytical issues
compared to other metal oxides and other inorganic materials. For
example, no preferential sputtering of oxygen was observed for HfO
under 6 keV Ar1000+ bombardment [13] and similar to the results of
Aureau et al. [16], recent results have shown for a SrTiO3 thin ﬁlm
on Si that the 8 keV, Ar300+ depth proﬁle is very comparable to the
500 eV Ar+ proﬁle, with no preferential sputtering of O in either
case, similar interface broadening and a better retention of the
SrTiO3 stoichiometry for 8 keV, Ar300+ [33]. For Arn+ cluster depth
proﬁles, in a similar manner to Ar+ proﬁles of different inorganic
materials, there are likely to be various different ion beam induced
processes which introduce artefacts into the proﬁles and the sus-
ceptibility to these effects is material dependent. However, with Ar
cluster depth proﬁling, there is a large GCIB parameter space to be
explored which has the potential to offer greater possibilities for
minimising such undesirable effects.
5. Conclusions
Depth proﬁles through the certiﬁed (European standard BCR-
261T) 30 nm thick Ta2O5 layer grown on Ta foil using monatomic
Ar+ and Ar1000+ cluster ions have been performed using a GCIB at
different incident energies. The preferential sputtering of O, relative
intensities of Ta oxidation states, depth resolution and etch rates
obtained from the proﬁles using the different ion beam conditions
have been recorded and compared. The following conclusions can
be drawn from this investigation:
The preferential sputtering of O induced using 6 keV Ar1000+ ions
is lower relative to 3 keV and 500 eV Ar+ ions. At a point close to the
middle of the 30 nm thick oxide, the stoichiometry recorded for the
6 keV Ar1000+ ion beam was TaO2.0, compared to TaO1.5 and TaO1.55
for Ar+ at 3 keV and 500 eV respectively.
Depth proﬁles recorded using Ar+ ions give rise to a steady state
region in the oxide bulk, where the preferential sputtering of O
remains constant. The use of 6 keV Ar1000+ ions shows a gradual
decrease in the O concentration over the same region. This pro-
gressive loss of O as a function of depth is further enhanced when
the experimental conditions are changed through the use of sam-
ple rotation and an increase in the Ar1000+ incident energy to 8 keV.
Curve ﬁtting has shown that the concentration of the higher Ta
oxidation states (Ta4+ and Ta5+) is greater than the lower oxidation
states (Ta1+ and Ta2+) in the Ar+ proﬁles and the opposite trend is
observed for the Ar1000+ proﬁles. Furthermore, for the Ar1000+ pro-
ﬁles, there is an increased concentration of the higher oxidation
states closer to the surface and the concentration of lower oxidation
states progressively increases with depth.
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The Ar+ depth proﬁles recorded using ion beam energies of
00 eV and 3 keV (without sample rotation) exhibit a better depth
esolution than Ar1000+ proﬁles at beam energies of 6 keV and 8 keV
with and without sample rotation).
There is a higher O concentration observed when proﬁling into
he underlying Ta for proﬁles performed using 6 keV and 8 keV
r1000+ which is not observed for the 3 keV and 500 eV Ar+ proﬁles.
The etch rate increases with E/n. Using a 3 keV Ar+ beam, the
tch rate was found to be 4.8 × 10−3 nm/min. For the 6 keV Ar1000+
eam, the etch rate decreased to 1.8 × 10−5 nm/min. Increasing the
r1000+ ion beam energy to 8 keV and rotating the sample during
roﬁling leads to a signiﬁcant increase in the cluster beam etch rate
3.8 × 10−4 nm/min).
It is proposed that for the Ar1000+ depth proﬁles, the progressive
 loss from the oxide and increased interface width may  be caused
y the high temperature transient resulting from the cluster impact.
cknowledgments
The author wishes to acknowledge the ﬁnancial support of
PSRC [grant number EP/G037388/1] and Thermo Scientiﬁc. The
uthor would also like to thank Chris Deeks, Dr. Tim Nunney and Dr.
aul Mack for technical support and data acquisition and Prof. Roger
ebb for his contributions to data interpretation. The authors
onﬁrm that data underlying the ﬁndings are available without
estriction. Details of the data and how to request access are avail-
ble from the University of Surrey publications repository: [http://
pubs.surrey.ac.uk].
eferences
[1] P.C. Joshi, M.W. Cole, Inﬂuence of postdeposition annealing on the enhanced
structural and electrical properties of amorphous and crystalline Ta2O5 thin
ﬁlms for dynamic random access memory applications, J. Appl. Phys. 86
(1999) 871–880.
[2] S. Ezhilvalavan, T.Y. Tseng, Preparation and properties of tantalum pentoxide
(Ta2O5) thin ﬁlms for ultra large scale integrated circuits (ULSIs)
application—a review, J. Mater. Sci.: Mater. Electron. 10 (1999) 9–31.
[3] D. Zhang, Y. Zheng, Q. Cai, W.  Lin, K. Wu,  P. Mao, R. Zhang, H. Zhao, L. Chen,
Thickness-dependence of optical constants for Ta2O5 ultrathin ﬁlms, Appl.
Phys. A 108 (2012) 975–979.
[4] U. Wätjen, M.P. Seah, S.J. Spencer, C. Ingelbrecht, The certiﬁcation of a fourth
batch of tantalum pentoxide on tantalum foil’ Report EUR 22610 EN, Ofﬁce for
Ofﬁcial Publications of the European Communities, Luxembourg, (2006).
[5]  R.K. Wild, Ion sputter rates of Cr–Mn–Fe spinel oxides, Surf. Interface Anal. 14
(1989) 239–244.
[6] C. Chaneliere, J.L. Autran, R.A.B. Devine, B. Balland, Tantalum pentoxide
(Ta2O5) thin ﬁlms for advanced dielectric applications, Mater. Sci. Eng. R: Rep.
22  (1998) 269–322.
[7] S. Hofmann, J.M. Sanz, Quantitative XPS analysis of the surface layer of anodic
oxides obtained during depth proﬁling by sputtering with 3 keV Ar+ ions, J.
Trace Microprobe Technol. 1 (1982–1983) 213.[8] P.H. Holloway, G.S. Nelson, Preferential sputtering of Ta2O5 by argon ions, J.
Vac.  Sci. Technol. 16 (1979) 793.
[9] V.R.R. Medicherla, S. Majumder, D. Paramanik, S. Varma, Formation of
self-organized Ta nano-structures by argon ion sputtering of Ta foil: XPS and
AFM study, J. Electron Spectrosc. Relat. Phenom. 180 (2010) 1.
[
[ Science 405 (2017) 79–87 87
10] M.  Khanuja, H. Sharma, B.R. Mehta, S.M. Shivaprasad, XPS depth-proﬁle of the
suboxide distribution at the native oxide/Ta interface, J. Electron Spectrosc.
Relat. Phenom. 169 (2009) 41.
11] D.R. Baer, M.H. Engelhard, A.S. Lea, P. Nachimuthu, Comparison of the sputter
rates of oxide ﬁlms relative to the sputter rate of SiO2, J. Vac. Sci. Technol. A 28
(2010) 1060.
12] N. Benito, C. Palacio, Nanostructuring of Ta2O5 surfaces by low energy Ar+
bombardment, Appl. Surf. Sci. 351 (2015) 753–759.
13] A.J. Barlow, J.F. Portoles, P.J. Cumpson, Observed damage during argon gas
cluster depth proﬁles of compound semiconductors, J. Appl. Phys. 116 (2014)
5.
14] N. Sano, A.J. Barlow, C. Tsakonas, W.  Cranton, P.J. Cumpson, Optimal
conditions for gas cluster ion beams in studying inorganic interface species:
improved chemical information at a ZnO interface, Surf. Interface Anal. 48
(2016) 575–579.
15] R. Steinberger, J. Walter, T. Greuntz, M. Arndt, S. Molodtsov, D.C. Meyer, D.
Stifter, XPS study of the effects of long term Ar+ ion and Ar cluster sputtering
on  the chemical degradation of hydrozincite and iron oxide, Corros. Sci. 99
(2015) 66–75.
16] D. Aureau, K. Ridier, B. Bérini, Y. Dumont, N. Keller, J. Vigneron, M.  Bouttemy,
A.  Etcheberry, A. Fouchet, Advanced analysis tool for X-ray photoelectron
spectroscopy proﬁling: cleaning of perovskite SrTiO3 oxide surface using
argon cluster ion source, Thin Solid Films 601 (2016) 89–92.
17] R. Grilli, R. Simpson, C.F. Mallinson, M.A. Baker, Comparison of Ar+
monoatomic and cluster ion sputtering of Ta2O5 at different ion energies, by
XPS: part 2—cluster ions, Surf. Sci. Spectra 21 (1) (2014) 68–83.
18] R. Grilli, R. Simpson, C.F. Mallinson, M.A. Baker, Comparison of Ar+
monoatomic and cluster ion sputtering of Ta2O5 at different ion energies, by
XPS: part 1—monoatomic ions, Surf. Sci. Spectra 21 (1) (2014) 50–67.
19] T. Aoki, T. Seki, J. Matsuo, Study of density effect of large gas cluster impact by
molecular dynamics simulations, Nucl. Instrum. Methods Phys. Res. Sect. B:
Beam Interact. Mater. At. 267 (2009) 2999–3001.
20] J.F. Ziegler, SRIM—The Stopping and Range of Ions in Matter, 2013.
21] J.B. Malherbe, R.Q. Odendaal, Ion sputtering, surface topography, SPM and
surface analysis of electronic materials, Appl. Surf. Sci. 144–145 (1999)
192–200.
22] I. Yamada, J. Matsuo, Z. Insepov, T. Aoki, T. Seki, N. Toyoda, Nucl. Instrum.
Methods Phys. Res. B 164–165 (2000) 944–959.
23] C.L. Cleveland, U. Landman, Dynamics of cluster-surface collisions, Science
257 (1992) 355–361.
24] Y.Y. Cheng, C.C. Lee, Molecular dynamics simulations of argon cluster impacts
on  a nickel ﬁlm surface, Nucl. Instrum. Methods Phys. Res. B 267 (2009)
1428–1431.
25] F. Musumeci, H. Ryuto, A. Sakata, M.  Takeuchi, G.H. Takaoka, Spectroscopic
evidences of high temperatures and pressures during the cluster ion beam
interaction with solid surfaces, J. Lumin. 172 (2016) 224–230.
26] M.P. Seah, R. Havelund, I.S. Gilmore, Sampling depths, depth shifts, and depth
resolutions for Bin+ ion analysis in argon gas cluster depth proﬁles, J. Am.  Soc.
Mass Spectrom. 27 (2016) 1411–1418.
27] C.M. Mahoney, Cluster secondary ion mass spectrometry of polymers and
related materials, Mass Spectrom. Rev. 29 (2010) 247–293.
28] J. Huatala, J. Borland, M.  Tabat, W.  Skinner, IEEE 4th International Workshop
on Junction Technology (2004) 50–53.
29] I. Yamada, Materials Processing by Cluster Ion Beams, History, Technology
and  Applications, CRC Press, 2015.
30] R. Kelly, I. Bertóti, A. Miotello, Composition changes in bombarded oxides and
carbides: the distinction between ballistic, chemically guided, and chemically
random behaviour, Nucl. Instrum. Methods Phys. Res. B 80/81 (1993)
1154–1163.
31] J.B. Malherbe, S. Hofmann, J.M. Sanz, Preferential sputtering of oxides: A
comparison of model predictions with experimental data, Appl. Surf. Sci. 27
(1986) 355–365.
32] G.P. Klein, Oxidation state of anodic tantalum oxide after heat treatment. I.
Galvanostatic method as applied after heating in vacuum, J. Electrochem. Soc.
119  (1972) 1551–1560.
33] P. Mack, unpublished work.
